more aggressive and has poorer prognosis than other breast malignancies. The majority of TNBCs can be characterized as basal-like 4 and have an expression profile enriched with genes involved in DNA damage checkpoint response. 5, 6 More than 80% of breast cancer patients with a hereditary BRCA1 mutation are assigned to TNBC subtype. 7 Some sporadic
TNBCs also show similar characteristics with BRCA1-mutant tumors. Together, they are referred as BRCAness. 8 While targeted therapies are available for other subtypes of breast cancer, TNBCs currently lack targeted therapies (except BRCA1 mutated ones) and their treatment relies heavily on broad cytotoxic chemotherapeutic agents. 9 RecQ family of DNA helicases includes RECQL1, Bloom syndrome gene (BLM), Werner syndrome gene (WRN), RECQL4, and RECQL5. They play overlapping as well as unique functions in DNA replication and damage (especially double-strand breaks) repair. 10 Bloom and Werner syndromes are characterized with premature aging and predisposition to cancer. 11 Mutations in RECQL4 are associated with Rothmund-Thomson syndrome (RTS), another premature aging and cancer predisposition disease. 11 More recently, mutations in RECQL1 were found in familial breast cancer patients. 12, 13 Although no specific human diseases have been linked to loss of RECQL5 function, this helicase plays important roles in DNA metabolism as other members of the family do 14 and in relieving transcription-induced chromosomal stress uniquely. 15, 16 Recql5-deficient mice are viable but display increased levels of sister-chromatid exchange and are predisposed to several types of cancers, at old age. 17, 18 Loss of RECQL5 also results in hypersensitivity to camptothecin (CPT), an inhibitor of topoisomerase I (Top I), but not to other DSB-causing agents, in mouse cells and human cancer cells, 19, 20 suggesting that RECQL5 plays an important role in dealing with replication stress. Consistent with the sensitivity to CPT caused by the loss of RECQL5, it has been proposed that RECQL5 helps replication fork reversal, probably through promoting the formation of double helix between two newly synthesized strands at a stalled replication fork. 16, 19, 21, 22 Here, we report that RECQL5 is required for the maintenance of genome stability of TNBC cells. Compromising its function in TNBC cells results in persistence of DNA damage, G2 arrest, and ultimately, cessation of proliferation. Together with the observation that RECQL5 is dispensable in normal cells, our results suggest RECQL5 as a potential TNBC-specific therapeutic target.
| MATERIALS AND METHODS

| Reagents
Dulbecco's modified Eagle's medium (DMEM), RPMI-1640 Medium, fetal bovine serum (FBS), and antibiotics were purchased from Gibco (Grand Island, New York). The antibodies used in this study were as follows: RECQL5 (A302-520A, 1:2000 WB, Bethyl Lab, Montgomery, TX); γH2AX (05-636, 1:500 IF, Millipore, Billerica, MA); γH2AX (A300-081A, 1:500 IF, Bethyl Lab); 53BP1 (NB100-304, 1:500 IF, Novus Biologicals, Littleton, CO); cyclin A (SC-271682, 1:50 IF, Santa Cruz Biotechnology, Santa Cruz, CA); BRCA1 (SC-6954, 1:50 IF, Santa Cruz Biotechnology); BrdU (347580, 1:40 IF, BD Biosciences, San Jose, CA); EdU Apollo488 Kit (C10310-3, RIB-BIO, Guangzhou, China). Phospho-Chk1-Ser317 (12302, 1:1000 WB, Cell Signaling, Beverly, MA), Phospho-Chk1-Ser345 (2348, 1:1000 WB, Cell Signaling); CHK1 (ab32531, 1:1000 WB, Abcam, Cambridge, UK); GAPDH (60004-1-1g, 1:5000 WB, Proteintech, Wuhan, China); Tubulin (66240-1-1g, 1:5000 WB, Proteintech). Secondary antibodies conjugated to horseradish peroxidase were purchased from Santa Cruz Biotechnology. Secondary antibodies for immunofluorescence staining were anti-mouse, -goat or -rabbit Alexa fluor 488 or 594 from Jackson ImmunoResearch Laboratories (West Grove, Pennsylvania). siRNAs were synthesized by GenePharma (Suzhou, China). Chemicals were obtained from Sigma (St. Louis).
shRNAs were constructed in pLKO.1 with following sequences: negative control, 5'-TTCTCCGAACGTGTCACGT-3'; shRECQL5-1, 5'-TTGTCGCCCATTGGAATATTG-3'; shRECQL5-2, 5'-GTACGCTGAAGAAGGTCTTTG-3'. For RECQL5 expression, the cDNA (wild type or silent mutated to resist si/shRNA) was cloned into lentiviral vector pHAGE.
| Cell culture and transfection
MDA-MB 231, MDA-MB 436, MDA-MB 157, MDA-MB 468, HCC1806, HS578T, BT549, SUM159, and T47D cell lines were purchased from American Type Culture Collection (ATCC). HCC1937, MCF7, and ZR75-1 cells were obtained from The Cell Bank of Type Culture Collection of Chinese Academy of Sciences (Beijing, China). The above TNBC or non-TNBC cells were cultured in DMEM, RPMI-1640 or F12 Medium with 10% FBS in a humidified atmosphere containing 5% CO 2 at 37°C. Plasmids used in the work were generated through standard cloning methods. Lentivirusescarrying overexpression or knockdown elements were produced in the lab and used to infect the above cell lines with MOI (multiplicity of infection) ＞1. The infected cells were selected with puromycin treatment (4 μg/mL for 2 days).
| Assays for cell proliferation
For MTS assay, after lentiviral infection and selection, the cells were trypsinized and reseeded in 96-well plates at a density of 3000 cells/well and cultured for the indicated times. At the end of incubation, proliferation was analyzed using a colorimetric assay (MTS, Promega, Madison, WI). Briefly, 20 μL MTS was added to 100 μL fresh complete culture medium in each well, and the cells were incubated for 2 hours before the absorbance of the formazan product at 490 nm was measured.
To detect the effects of replication inhibitors on non-TNBC cell viability, T47D cells were seeded at 5000 cells/ well in 96-well plates and then treated with virous concentrations of CPT (0, 2.5, 5, 10 nmol/L) or 5-Fluorouracil (5-FU) (0, 25, 50, 100, 200 μg/mL) for 48 hours. Following incubation, MTS assays were performed.
Cellular senescence was assessed by measuring senescenceassociated β-galactosidase activity as described before. 23 
| Western blotting analysis
The cells were lysed with RIPA lysis buffer (Applygen Technologies Inc, Beijing, China) supplemented with protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany). Equal amounts of proteins were loaded to and separated in a SDS-polyacrylamide gel, and transferred to a polyvinylidene difluoride membrane (PVDF, Merck Millipore, Massachusetts). The membrane was incubated for 1 hours in blocking buffer (5% nonfat dry milk in TBST) and with primary antibodies at 4°C overnight. After three washes with TBST, the membrane was incubated for 1 hours at room temperature with horseradish peroxidase (HRP)-conjugated secondary antibodies. The membrane was then washed three times and visualized with SuperSignal™ West Pico Chemiluminescent Substrate (Thermo Fisher Scientific, San Jose, CA). Expression of GAPDH or Tubulin was routinely used as a loading control.
| Immunostaining
Cells after indicated treatment were plated on coverslips, fixed with 4% paraformaldehyde for 15 minutes, permeabilized in PBS containing 0.5% Triton X-100 for 5 minutes, and blocked with 5% BSA in PBS for 1 hours at room temperature, followed by incubation with primary antibodies at 4°C overnight. After three washes in PBS, the coverslips were incubated with secondary antibodies for 20 minutes at 37°C. All images were taken on a Nikon Ni-E microscope (Nikon Corporation, Tokyo, Japan), with identical exposure times for each sample.
| Replication restart and indirect fork reversal assay
Replication restart assay was performed as described previously. 22 The fork reversal assay was based on BrdU staining as previously described. 24 MDA-MB 231 cells infected with shRNAs were seeded on coverslips. Cells were pulsed with 10 μmol/L BrdU for 15 minutes, washed three times in fresh media and treated with 1 μmol/L CPT (Sigma, St. Louis) for 160 minutes or 3 mmol/L hydroxyurea (HU) (Sigma) for 6 hours immediately. Cells were preextracted with 0.5% Triton X-100, fixed with 4% formaldehyde and immunostained with anti-BrdU antibody under native conditions. Images were captured with a Nikon Ni-E microscope and analyzed with Columbus.
| Fluorescence activated cell sorting
The cells were trypsinized and washed once with cold PBS. For cell cycle analysis, the cells were fixed in 70% ice-cold EtOH, spun down, washed with cold PBS, and incubated in PBS containing propidium iodide (PI, 50 μg/mL) and RNase A (50 μg/mL) for 30 minutes at room temperature. The PI-stained single cell suspension was analyzed on a BD LSRFortessa SORP Flow Cytometer (BD Biosciences). ModFit LT software (Verity Software House, Topsham, ME) was used to analyze the DNA patterns and cell cycle stages.
| Tumor xenograft
Luciferase-expressing HCC1806 cells were stably infected with lentiviruses encoding RECQL5 or control shRNAs and used to inoculate BALB/c nude mice purchased at approximately 3-4 week of age from Charles River Laboratories. For each group, at least eight mice were used. All animals were kept in an environmentally controlled facility and given free access to water and a standard diet. All animal experiments were performed according to the guidelines approved by the Animal Care and Use Committee of National Center for Protein Sciences at Beijing. For tumor growth evaluation, 1 × 10 6 RECQL5-shRNA treated or control HCC1806 cells were injected into the left inguinal mammary fat pads. Tumor xenografts in each group were monitored every 5 days with an in vivo imaging system (IVIS, PerkinElmer). Two weeks after the inoculation, the tumors were removed, and the tumor volume was measured.
| RECQL5 expression analysis and KMPlotter Survival analysis
The website UALCAN (http://ualcan.path.uab.edu/index. html) was used to analyze the RECQL5 mRNA expression based on the TCGA breast RNA-Seq data set. The
Kaplan-Meier Plotter software (http://kmplot.com/analysis) was used to analyze the relevance of RECQL5 mRNA expression (Affymetrix (Santa Clara, CA) ProbeID 34063_at) to the overall survival (OS) in the 255 TNBC patients.
| RESULTS
| TNBC cells display high levels of endogenous DNA damage
We first examined γH2AX focus formation in two BRCA1 wild type TNBC cell lines, MDA-MB 231 and MDA-MD 468 and one BRCA1-mutant TNBC cell line HCC1937 (homozygous for the BRCA1 5382insC mutation). As shown in Figure 1A ,1, about 25% of the cells from these three lines contained more than 10 γH2AX foci, whereas only few of non-TNBC cells, T47D, stained positive. Staining for BRCA1 foci yielded similar results except in HCC1937 which lacks BRCA1 and hence serviced as a negative control. (Figure 1A ,C). Further, γH2AX foci were readily detectable in additional TNBC cell lines ( Figure S1A ,B), as well as another marker, 53BP1 ( Figure S1C,D) . Staining in two other non-TNBC cell lines MCF7 and ZR75-1 showed no sign of DNA damage ( Figure S1A ,B) (with ≥5 foci/ cell, an even lower standard than that in Figure 1B , for this DNA damage marker). These results are consistent with the result from gene expression profiling experiment demonstrating an enrichment of DNA damage response genes in TNBC cells. 25 The presence of elevated levels of both γH2AX and BRCA1 foci in TNBC cells suggests that the DNA damages are in the form of double-strand breaks (DSBs) and are undergoing HR-mediated repair. Co-staining γH2AX with cyclin A showed that more than 25% of cyclin A-positive cells (those in S/G2) were γH2AX-positive ( Figure 1D ), whereas <10% of cyclin A-negative cells were, indicating that DNA damage in TNBC cells is generated in S phase, most likely a result of replication fork collapse. 26 This result also indicates that unlike non-TNBC cell lines, a high proportion of the TNBC cells in S phase experience replication stress. The damages detected in cyclin A-negative cells were probably from previous S phase that did not get repaired.
| Disruption of RECQL5 function enhances DNA damage in TNBC cells
RECQL5 was proposed to play a role in maintaining replication fork stability through promoting replication fork reversal and helping restart stalled replication forks. 16, 19, 21 Compromising its function can result in sensitivity to replication stress inducers. 19, 22 We therefore asked if RECQL5
played any roles in TNBC cells where there seems to be increased levels of replication stress. The helicase was depleted in MDA-MB 231 cells via shRNA and γH2AX focus formation was assessed in these and control cells. As shown in Figure 2A ,B, it is clear that loss of RECQL5 function increased γH2AX focus formation. Interestingly, the increase was unproportional between cyclin A-positive subpopulation and cyclin A-negative subpopulation. Much more cyclin A-negative cells than cyclin A-positive cells now became γH2AX-positive ( Figure 2B ), which most likely resulted from cells leaving S phase without replication-related damage repaired due to lack of RECQL5 function. Consistent with that, we observed an increase in the level of CHK1 phosphorylation, suggesting the activation of replication checkpoint upon depletion of RECQL5 ( Figure 2C ). We next examined the effect of RECQL5 depletion in MDA-MB 436, a BRCA1-mutant TNBC cell line. Again, as shown in Figure  S2A , RECQL5 depletion increased the number of γH2AX foci dramatically. However, depleting RECQL5 in T47D, a non-TNBC breast cancer cell line did not cause any increases in the level of endogenous DNA damage ( Figure S2B ), suggesting that RECQL5 is not as irreplaceable in non-TNBC cells as in TNBC cells.
To confirm the function of RECQL5 in dealing with replication stress in TNBC cells, we induced high levels of replication stress in control and RECQL5-depleted MDA-MB 231 cells by treating them with HU or CPT and then looked for replication restart or the formation of single strand DNA (ssDNA) which is a measurement of replication fork reversal. 24, 27 As shown in Figure 2D , CPT treatment blocked replication restart greatly in RECQL5 knockdown cells, but such a blockage could be relieved with reexpression of a siRNAresistant version of RECQL5 ( Figure 2D and S3A). ssDNA formation was also reduced in both HU and CPT-treated RECQL5-depleted cells ( Figure S3B,C) . Given the heterogeneity of knockdown effect, we were not surprised to find that there were not only reduced number of cells stained positive ssDNA ( Figure S3B ,C), but also that the intensity of BrdU staining in the remaining BrdU-positive cells was reduced as well ( Figure S3C ).
Having established the role of RECQL5 in combating replication stress in TNBC cells, we wondered if the helicase also is required in non-TNBC breast cancer cells when they were challenged with replication stress. To that end, we treated T47D, an ER-positive breast cancer cell line, with either CPT or 5-FU to induce replication stress and measured the ability of the control and RECQL5-depleted cells to survive. As shown in Figure S4A ,B, RECQL5-depletion severely impaired the survivability of the cells treated with CPT or 5-FU. This result is consistent with previous reports that the loss of RECQL5 function sensitizes cells to replication stress. 19, 20 
| RECQL5 is essential for the growth of TNBC cells in vitro
The results so far indicate that RECQL5 plays a critical role in maintaining genome integrity in TNBC cells by helping relieve replication stress. We next asked what is the effect of RECQL5 depletion on cell proliferation. First, we analyzed cell cycle distribution in control and RECQL5-depleted MDA-MB 231 and T47D cells. Consistent with the increase in DNA damage levels and CHK1 activation (Figure 2) , we found that RECQL5 depletion led to G2 arrest in MDA-MB 231 cells, but had little effect on non-TNBC cells T47D ( Figure 3A) . We then tested HCC1937 and MDA-MB 436. Again, RECQL5-depleted HCC1937 and MDA-MB 436 entered G2 arrest ( Figure 3A) . Over time, RECQL5-depleted MDA-MB 231 cells stopped proliferation altogether, displaying a large flattened morphology, suggesting senescence. We therefore stained for senescence-associated β-galactosidase activity. Indeed, the cells were positive for the senescence marker ( Figure 3B ). Interestingly, there are also cells in the control stained positive ( Figure 3B ), which is not unexpected since we could see a fraction of cyclin A-negative cells with persistent DNA damage in undisturbed cell population already (Figure 2A,B) . These cells likely incurred too much damage in previous S phase which did not fully repair. The DNA damage checkpoint then prevented them from entering mitosis and perhaps pushed them into senescence as a consequence.
Next, we examined the effect of RECQL5 depletion on the proliferation of other TNBC cell lines. Like MDA-MB 231, HCC1806 is another BRCA1 wild type TNBC cell line which also failed to proliferate when RECQL5 
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expression was silenced with two different shRNAs ( Figure 4A and S5A) . The effect of the second shRNA construct (shRECQL5-2) ( Figure 4B ) could be rescued by reexpression of a resistant version of RECQL5 ( Figure  S5B ). Moreover, HCC1937 and MDA-MB 436, both lacking BRCA1, were examined for their ability to proliferate upon RECQL5 depletion. As expected, these two lines also failed to proliferate ( Figure 4C anD S5A) . We further tested the essentiality of RECQL5 in two ER-positive cell lines (T47D and ZR75-1). As shown in Figure  4D and S5A, the depletion of RECQL5 had little effect on the growth of T47D and ZR75-1. These data indicate that RECQL5 is specifically required in TNBC cells.
| RECQL5 is required for xenograft growth of TNBC cells
Having established that RECQL5 is required for the growth of TNBC cells in vitro, we decided to determine if RECQL5 was also required for in vivo growth of TNBC cells. Luciferase-expressing HCC1806 cells were infected with lentiviruses carrying control or RECQL5 shRNA, selected with puromycin, and injected orthotopically into the left inguinal mammary fat pads of female nude mice. Tumor growth was monitored by bioluminescent imaging every 5 days. As shown in Figure 5A ,B, RECQL5-depleted xenografts grew much slower than controls. At the end of experiment (day 15), control tumors had grown to much larger sizes than that of RECQL5-depleted ones ( Figure 5C,D) . Through analyzing the Cancer Genome Atlas (TCGA) breast cancer RNA-Seq data sets, 28 we found that RECQL5 mRNA levels were modestly elevated in two breast tumor subtypes, luminal and triple-negative compared with normal breast tissue ( Figure S5C ). Consistent with the data, RECQL5 protein was upregulated in many luminal and TNBC cell lines relative to normal breast cell line MCF10A ( Figure S5D ). Next, we asked whether the expression levels of RECQL5 correlated with prognosis of TNBC patients. We reasoned that high levels of RECQL5 expression would enable TNBC cells to deal with replication stress better and therefore better chances to survive and proliferate than those cells with lower levels of expression. Using KM-Plotter, 29 we analyzed publicly available breast cancer data. Indeed, elevated RECQL5 expression levels predicted a less favorable overall survival in patients with TNBC (255 cases, P = 0.027, Figure  5E and Table. S1 ).
| DISCUSSION
Among various types of breast cancers, TNBC is unique, not only in its hormone receptor status but also in its association with high levels of endogenous DNA damage manifested by a gene expression profile enriched with DNA damage response genes 6 and by histological observation in clinical samples. 30 We showed here that in all TNBC cell lines examined there were increased levels of γH2AX. These cells also show BRCA1 foci, which, together with the finding that the damage was mostly detected in S/G2 phase cells, suggesting that the damage stems from problems in DNA replication, most likely from replication fork collapse. A stalled replication fork can be stabilized via fork reversal or may collapse and form one-ended double-strand break that requires HR-mediated repair to fix. If left unfixed, collapsed replication forks could lead to broken chromosomes and subsequent gross chromosomal instability. Our data suggest that TNBC cells are under replication stress and constantly generating double-strand breaks as demonstrated by γH2AX staining. It should be pointed out that there is heterogeneity in terms of the degree of replication stress experienced by individual cells. Those under highest level of stress would not be able to survive. They might die off or enter senescence. Indeed, we could see senescent cells already present in undisturbed cultures of MDA-MB 231 cells ( Figure 3B) . Thus, as a population, TNBC cells, even those without BRCA1 function (such as HCC1937), are viable and still proliferating, despite some individual cells are constantly leaving the population. However, when the function of RECQL5 is compromised, the severity of replication stress increases so much that more and more cells die off or senesce, and ultimately, proliferation ceases. For BRCA1 mutant cells, compromising RECQL5 would be equivalent to treating them with PARP inhibitors.
Polymorphisms in RECQL5 were found to be associated with increased susceptibility to breast cancer. 36 Together with the tumor phenotype in the deficient mice, 37 this observation suggests that RECQL5 is a tumor suppressor. Given the function of RECQL5 in DNA metabolism, it is likely that compromising its function could lead to genome instability and consequently tumorigenesis. On the other hand, a large scale expression profiling of RECQL5 in human breast cancer showed that high expression of the helicase is often associated with bad tumor grades and poor prognosis. 38 In line with that, our analysis of RECQL5 expression data also suggests that higher levels of expression are correlated with poorer prognosis of TNBC patients ( Figure 5E ). These observations suggest that RECQL5 could also function as an oncogene. Although neither the tumor suppressor function nor the oncogene function of RECQL5 is particularly strong. The high levels of endogenous DNA damage in TNBC cells make RECQL5 essential in TNBCs, and therefore a potential drug target against TNBC. It is highly likely that other RecQ family members are essential as well. However, these other members seem more important than RECQL5 as their deficiencies cause severe problems such as premature aging. Thus, targeting RECQL5 would be a better choice.
